Abstract Carbon fluxes and C-turnover of a mature mixed forest were assessed over a 5-year period from 2004 to 2008 at the Integrated Monitoring site ''Neuglobsow''. The mature stand with European beech (Fagus sylvatica L.) and Scots pine (Pinus sylvestris L.) is located in the north-eastern German lowlands (Brandenburg). Soil carbon fluxes of the trenched and non-trenched plots were measured once a week with a closed chamber method to separate heterotrophic and autotrophic respiration. Annual wood increments were continuously measured by dendrometer bands. A strong correlation was found between observed and predicted soil respiration fluxes calculated on the basis of the measured soil temperatures and soil water contents. Carbon sequestration by accumulation in the aboveground biomass accounted for 1.67 Mg C ha -1 year -1
Abstract Carbon fluxes and C-turnover of a mature mixed forest were assessed over a 5-year period from 2004 to 2008 at the Integrated Monitoring site ''Neuglobsow''. The mature stand with European beech (Fagus sylvatica L.) and Scots pine (Pinus sylvestris L.) is located in the north-eastern German lowlands (Brandenburg). Soil carbon fluxes of the trenched and non-trenched plots were measured once a week with a closed chamber method to separate heterotrophic and autotrophic respiration. Annual wood increments were continuously measured by dendrometer bands. A strong correlation was found between observed and predicted soil respiration fluxes calculated on the basis of the measured soil temperatures and soil water contents. Carbon sequestration by accumulation in the aboveground biomass accounted for 1.67 Mg C ha -1 year -1
. Including the C-sequestration in coarse roots the net primary production (NPP) increased to 2.0 Mg C per ha and year. Carbon release from soil by apparent heterotrophic respiration was overestimated due to higher soil moisture in the rootless trenching plots. Therefore we adjusted the apparent heterotrophic respiration by means of predicted water contents of the trenched plots, using a SVAT model. Accordingly the apparent heterotrophic respiration rate was 0.94 Mg C ha -1 year -1 resulting in a net ecosystem production (NEP) of 1.06 Mg C ha -1 year -1
. The net C loss from the soil carbon pool may be caused by higher temperatures, which were increased by 1.5°C during
Introduction
The concentration of CO 2 has increased by 38 % from preindustrial 280 ppm in 1750 to 390 ppm in 2010 and presently is increasing at a rate of 2.0 ppm year -1 (WMO 2009; NOOA 2011) . The soil carbon pool of 2,500 G tonnes, comprising of 1,550 G tonnes of soil organic carbon (SOC) and 950 G tonnes soil inorganic carbon (Batjes 1996 ) is 3.3 times the biotic C-pool and about 4.5 times the atmospheric C-pool. These figures clearly demonstrate the importance of soils in the global carbon cycle. In the contemporary global C budget the terrestrial sinks contribute 10 % (IPCC 2007) , and in this context soils play an important role. On the other hand the carbon stored in soils is a dynamic pool, which may quickly react when the environmental conditions are changing. For example preand post-industrial CO 2 -emissions from anthropogenic land use changes substantially have contributed to the post-glacial increase in atmospheric CO 2 -concentrations (Lal et al. 1999; Ruddiman 2003 Ruddiman , 2005 .
Temperature is a key factor that regulates many terrestrial biogeochemical processes, such as soil respiration, N mineralization, nitrification and denitrification, but also fine root dynamic, nutrient uptake, and plant productivity. In a meta-analysis Rustad et al. (2001) have shown that increase in soil temperature in a range of 0.3-6.0°C significantly increased the soil respiration rates by 20 %, the net N mineralization rates by 46 % and the plant productivity by 19 %. The 95 % confidence intervals were 18-22, 30-64 and 15-27 % respectively. In their study the response of soil respiration to warming was highest in forest ecosystems.
On the other hand a positive feed back of climate change on the storage and turnover of carbon in terrestrial ecosystems is also observed. For example European forests and grasslands take up approximately 0.305 G tonnes C per year (CarboEurope-IP 2009) . This is about 19 % of the greenhouse gas emissions due to burning of fossil energy resources. Including the CO 2 emissions by intensive agriculture and the drainage of peatlands the net annual sink, however, is only 0.274 G tonnes C or 15 % of the emitted CO 2 (Schulze et al. 2009 ). For German forests a mean annual carbon uptake of 1.53 tonnes C ha -1 in the standing stock (Dunger et al. 2009 ) was calculated.
In the last decades we are facing changes in temperature and precipitation patterns in mid-Europe. One important question that has to be answered is whether higher biomass production may lead to an enhanced sequestration of carbon in forest soils or if these changes create a loss of carbon from the carbon pool built up under the previous environmental conditions. The aim of this study was to determine the net primary production (NPP) and the net ecosystem production (NEP) of a mature pine beech forest ecosystem under actual weather conditions. Therefore the fluxes of carbon were quantified and linked to the variations of soil water contents and soil temperature. Furthermore changes of carbon storage in the aboveground biomass as well as changes of carbon pools in the forest floor and mineral soil were measured. Thus, a proper estimation of the heterotrophic soil respiration and the autotrophic respiration was performed.
Materials and methods

Study site
The data presented in this paper have been collected from 2004 to 2008 at the ICP Integrated Monitoring (IM) site ''Neuglobsow'' located in northern Brandenburg, Germany (53°08 0 N and 13°02 0 E). The site is set up in 1998 and part of the 14.2 km 2 catchment area with the oligotrophic calcareous lake Stechlin in the centre. The catchment was formed by the last Weichselian glaciation. Presently the site is characterized by mixed forests of Scots pine and beech trees undisturbed since 1936. The site has a subcontinental climate with a mean annual temperature of 7.9°C and a mean annual precipitation of 658 mm in the period from 1951 to 1990 (Table 1) . Soil type according to the FAO classification is a sandy cambisol with a low soil water capacity (Table 2, Fig. 1 ).
Biomass and C pools
The volume of the forest stand was estimated with the tree volume equations from Bergel (1973) using the tree volume applet of Nagel (2007) . On the basis of diameter at To convert biomass to carbon pool, C pools were calculated from own measurements of carbon content resulting in 53 % C for pine and 49 % C for beech trees. Volume expansion factors (VEF) for beech and Scots pine were used to assess total wood volume including twigs and branches using the formula of Pistorius and Zell (2005) , Eq. 1:
B: wood volume, D: merchantable timber volume, a and b: constants of timber volume expansion.
Soil carbon pool
Carbon concentrations of the air-dried humus and mineral soil (\2 mm) samples down to 80 cm were determined using a HERAEUS-CHN analyser. The soil C pools for each layer were calculated from the mean carbon concentration, layer thickness and measured bulk densities and stone contents.
Soil CO 2 efflux measurements
From the beginning of the monitoring in July 2004 till the end in December 2008 the CO 2 fluxes were measured once a week with a closed chamber method. The measurement took place between 10 and 12 a.m. As shown by Brumme and Beese (1992) the fluxes at this time were found representative for the mean daily CO 2 -fluxes. Six plastic rings (30 cm in diameter and 13 cm height) were placed randomly on the site. The rings were inserted 3 cm into the soil to prevent lateral gas exchange with the atmosphere. The chambers remained in place over the whole period of time. During measurement the chambers were closed airtight with a lid and a rubber seal. Measurements of carbon dioxide in the headspace were carried out two times with an infrared gas analyser and time intervals of 15-30 min, dependent on the emission rates. The analyser periodically was calibrated with Helium for zero calibration and 1,500 ppm standard gas. During the measurement the temperature was determined in the chamber and in 5 cm soil depth. In addition, we installed six trenched plots. Polypropylene tubes with a length of 60 and 30 cm in diameter were carefully inserted in the soil down to 50 cm without disturbing the soil structure. These trenched plots were treated in the same way then the other plots.
CO 2 -C-fluxes (mg m -2 h -1 ) were calculated according to Eq. 2:
Dc/Dt = change of the CO 2 -C concentrations per period (ppmv h -1 ), M = molar mass of CO 2 -C: 12 g mol -1 , M v = molar volume of CO 2 -C: 22.26 l mol -1 , V c = volume of installed hood (l), A = area of installed hood (m 2 ), P a = air pressure during measurement (hPa), P o = normal air pressure (1,013.25 hPa), T a = air temperature during measurement (°C).
Soil respiration was also predicted by an empirical Arrhenius type model based on measured respiration rates, soil water contents and soil temperatures (Eq. 3).
Litterfall
Twelve collectors with an area of 0.25 m 2 each were placed at the site. Sampling of litter was started at the end of 2003. Litterfall was separated into beech leaves, pine needles and one residual fraction comprising fruits of beech, pine cones, bark and twigs. Pooled samples were then prepared for chemical analysis.
Tree growth
The diameters at breast height (dbh) of all standing trees were measured twice in 2004 and 2008. Current annual increment was continuously measured by dendrometer bands made of astralon (UMS, Munich). Dendrometer bands were attached at breast height of 12 trees.
Tree heights were measured with a Blume-Leiss altimeter on a selection of representative individuals with different dbh-classes. The height of all other trees was extrapolated from a regression between tree height and dbh. 
Hydrological measurements
Open field precipitation was measured daily with five bulk samplers 200 m beside the experimental site. Fifteen samplers were installed under the canopy and measured weekly. Matric potentials in the soil were measured with three replicates each in a depth of 30, 50 and 120 cm. In the same depth water content was observed by means of TDR-sensors and soil temperatures with PT-100 sensors. All these measurements took place in 5 min intervals.
Simulation of soil water content and water fluxes
Soil water contents of the trenched and the control plots were calculated using the SVAT model Expert-N (Priesack 2006; Priesack et al. 2006 ). In this model water flow in unsaturated soils is simulated by the Richards equation as described in Hydrus-1D (Simunek et al. 1998) . The soil hydraulic properties in the model are described by van Genuchten-type soil water retention curves (van Genuchten 1980) and the unsaturated hydraulic conductivities are estimated applying Mualem's approach (Mualem 1976) . The van Genuchten parameters of our soil, a and n, were derived from TDR and soil water suction measurements using a nonlinear regression model (NLIN-procedure, SAS 1996) . The saturated hydraulic conductivity values (K s ) were taken from tables based on soil texture and bulk density classes (Arbeitskreis Standortskartierung 1996) . Daily potential and actual evapotranspiration values were calculated using the FAO grass reference method according to Penman-Monteith (Allen 2000) . Subsequently, distribution of potential evaporation and potential transpiration was achieved by means of the soil coverage (Droogers 2000) . Water uptake and actual transpiration of the tree stand were assessed applying the model of Feddes (Feddes et al. 1978) . Daily interception was estimated by using an analytical model of rainfall interception (Gash 1979) .
Input data for the SVAT model include data on soil properties, climate and vegetation. Basic soil data are depth of soil horizons, soil texture, bulk density and rock content. Daily meteorological data are solar radiation, wind velocity, relative humidity, precipitation and air temperature and were provided by the German Meteorological Service (DWD) from the adjacent station. Vegetation characteristics were the degree of canopy cover and the leaf area index (LAI).
Results
Soil water budget
The water retention curves and their parameters used in this study are shown in Fig. 1 and Table 3 . The plant available water in the main rooting zone (0-100 cm) amounts to about 60 mm and is very small. From this finding and the low precipitation and the results of the modelled water budget one can postulate that water will often be a limiting factor for all biotic processes in the system, especially during the vegetation period. The derivation of the curves from field measurements was described in detail in Schulte-Bisping et al. 2005 . This also holds for the calibration of the water module used in Expert-N.
The mean of annual precipitation of 586 mm in the study period (Table 4) lies 72 mm below the value found in the period of (Table 1) . Air temperature was elevated by 1.5°compared with the long-term average indicating that the period studied clearly was drier and warmer than the reference period. With a mean potential evapotranspiration of 705 mm this value lies well above the mean precipitation of 586 mm. The mean transpiration accounted for 352 mm and interception for 112 mm per year and differed not very much between the years (Table 4) . Drainage, however, showed large differences. This was due to the extremely wet year 2007 with an annual precipitation of 824 mm, which is 238 mm above the average. Because of the dense canopy soil evaporation is low (38 mm). This is the reason why the soil in the trenching remains fairly wet over the whole year as shown in Fig. 2 , which has consequences with respect to the C-turnover as discussed later. The data of the water budget are in good agreement with the results of other authors studying water budgets of beech and pine forests in this region (Müller 2001; Schulte-Bisping et al. 2005 ).
In Fig. 2 the modelled water contents in 30 cm depth with and without root water uptake and the measured water contents of the rooted plot are shown. It can be shown that the water content in the trenched plots differ not much over the whole period of time and do not follow the drying periods of the control soil. Therefore the water-induced limitations of the microbial activity occurring in the soil of the control do not take place in the trenched soil. This influence of the apparent heterotrophic respiration in the trenched soil has to be regarded when calculating the apparent heterotrophic and autotrophic respiration of the control.
Carbon pools and fluxes
Calculations of the volume fractions of beech and pine trees resulted in a total aboveground merchantable timber volume of 529 m 3 ha -1 in 2008 (Table 5) , beech trees contributed 337 m 3 and pine trees 192 m 3 . Annual timber increment data and volume expansion factors (VEF) were used to calculate the total wood volume and the C-sequestration, both for beech and pine trees. Related to the 5 years studied the mean annual aboveground carbon sequestration rate of this mixed forest was 1.67 Mg C per hectare. This value is close to the annual aboveground C-sequestration rate of all German forests showing a mean value of 1.53 Mg ha -1 (National Forest Inventory (NFI 2 ), Dunger et al. 2009 ). According to data cited in (Ulrich et al. 1981 ) the ratio of below to aboveground biomass for our stand is about 20 %, which corresponds to values described by Schulze et al. (2002) . Assuming an increase of the coarse roots according to above-mentioned fraction of 20 %, the coarse root increment is 0.33 Mg C per ha and year, amounting to a total tree biomass increment of 2.0 Mg C ha -1 year -1 . This rate is an estimate, because the data of coarse root growth are still very weak.
Litterfall can be regarded as an internal C-flux of the ecosystem. The amount of annual litterfall varied between 5.3 and 7.8 Mg of dry matter (DM) per hectare (Table 6 ). Annual average of the observed period was 6.43 ± 1.02 Mg DM ha -1 corresponding to a carbon flux of 3.27 Mg ha -1 . Annual differences of leaf and needle biomass were small. However the variation of other compounds was high, mainly due to fructification. Dividing soil C pools by the mean litter rates results in an apparent turnover time for the forest floor of 7.2 years and for the total soil of 21.5 years, respectively. These figures indicate a biological fairly active soil, which especially holds for the forest floor. The soil carbon pool of the plot amounted to 70.2 Mg C per hectare (Table 7) . About one third is accumulated in the organic layer. Compared to other forest soils in Germany (mean values: 20.7 Mg C in the forest floor and 87.9 Mg C per hectare in the mineral soil) our site exhibits a fairly low pool of carbon stored in the sandy mineral soil.
The measured mean annual soil respiration rate in the period studied was 6.02 Mg C per hectare, of which 1.13 Mg C can be attributed to apparent autotrophic respiration and 4.89 Mg to apparent heterotrophic respiration when calculated from the difference between control and trenched plots. The annual decomposition rate from soil organic matter on this basis exceeds the input rate of litter by 1.62 Mg C ha -1 year -1 . This net C loss from soil may be caused by higher temperatures, which as mentioned were increased by 1.5°C in this observation period compared to the long-term temperature average . The C output of just 3.3 kg ha -1 year -1 in form of DOC can be neglected in this balance. As shown later this calculation has to be corrected due to differences in soil water status between the control and the trenched plots.
The mean water use efficiency in the observation period on the basis of transpiration was 2.77 g dry matter per kg water and 1.95 g on the basis of total water used. These low values, Larcher (1994) reports values of 3-5 g dry matter per kg water for deciduous trees of the temperate zone, can be attributed to the high age of the stand and to water shortage during the vegetation period of most of the years.
One main factor driving biotic decomposition of soil organic carbon is the soil temperature. Figure 3 shows the temperature dependence of the C-emission rates. Especially in the summer and autumn periods with higher soil temperatures large differences in soil CO 2 efflux (R s ) could be observed, mainly caused by different water contents and reduced contribution of the autotrophic respiration to the soil respiration by reduced photosynthetic activity of the trees.
In winter-and springtime up to a level of about 8°C the data were less scattered and a nearly linear correlation between temperature and soil respiration was found (Fig. 3) . But with increasing temperatures the effect of soil water has a more controlling impact.
Modelling approach
Soil respiration-defined as the CO 2 efflux from the soil surface-originates from the metabolic activity of live roots (autotrophic respiration), microorganisms (bacteria and fungi) and the soil meso-and macrofauna (heterotrophic respiration). The separation of these two processes under field conditions is difficult. Therefore we used the term apparent autotrophic respiration, which according to the experimental set up includes root respiration, fine root turnover and the decomposition of root exudates. Apparent heterotrophic respiration results from the decomposition of soil organic matter. In our approach we used a nonlinear function to predict the soil respiration. This function is based on the equation of Arrhenius (1889) and was extended by the soil matric potential (hPa) as a soil water term (Eq. 3),
where R s is the soil CO 2 efflux and Eq. 3 is a nonlinear function of temperature (T) and soil water matric suction (h). R is the ideal gas constant (8.314472 J mol -1 K -1 ), and a, b and c are free model parameters determined by SAS nlin-regression (a = 3.65E12, b = 57.8913, c = -0.00051). Figure 4 shows the temperature dependence of the soil respiration rates for rates of five different matric potentials obtained by means of Eq. 3. It can clearly be demonstrated that with decreasing matric potentials the increase in soil respiration is reduced and that the decrease increases with rising temperatures. Therefore the soil water status cannot be neglected in modelling the soil respiration.
Based on the measured soil temperature as shown in Fig. 5 and the measured matric potentials in 30 cm depth the soil respiration rates for the 5 years period were predicted. In Fig. 5 the observed and predicted rates are shown. This comparison demonstrates that with few exceptions the model describes the soil respiration fairly well. Especially, in the very moist year 2007 the model underestimates the respiration rates. Besides these deviations the annual rates exhibit minor differences as shown in Table 8 . The mean rates over the 5 years period only differ by 27 kg C per ha -1 year -1 .
Comparison of total and apparent heterotrophic respiration
In Fig. 6 the relation between the soil respiration and the apparent heterotrophic respiration is shown. The two parameters are strongly correlated and exhibit an R 2 value of 0.94. In the lower range the relation is quasi linear and it flattens when the soil respiration becomes high indicating that the apparent autotrophic fraction is increasing. Observed annual soil respiration rates range from 5.1 Mg C in 2006 and 7.7 Mg C ha -1 year -1 in 2007 (Table 8 ) with a mean value of 6.021 Mg C ha -1 year -1 . The very high rate in the extreme moist year 2007 shows that water is a restricting factor in the decomposition process in many years. In average, the deviation between observed and calculated annual rates is very small (27 kg C per ha -1 year -1 ). In the wet year 2007 the deviation is 766 kg C per ha -1 year -1 which, however, is compensated by higher rates in the other years. This pattern can be explained by fitting procedure, which is based on the whole data set leading to the best results when the whole period of time is regarded.
The apparent autotrophic respiration that describes the contribution of roots and rhizosphere organisms to the soil CO 2 -flux can range from 10 to 90 % (Bowden et al. 1993; Hanson et al. 2000) . In our observation period from 2005 to 2008 the mean apparent autotrophic respiration of the mixed stand was 1.134 Mg C ha -1 year -1 which is 18.8 % of the total soil respiration. It differed between 16 and 27 %. These data are smaller than the results of other authors, which found an apparent autotrophic respiration percentage of 23-26 % in a nearby old-growth beech forest (Jochheim et al. 2007a, b) . We have shown that the water content has a high impact on the microbial activity of the soil. We also have shown that the water content in the trenched soil most of the time was higher than in the rooted soil, leading to an overestimation of the apparent heterotrophic respiration. We therefore corrected the measured values with our empirical model by using the calculated water contents of the trenching. This procedure led to a reduction in the apparent heterotrophic respiration by 0.679 Mg C ha -1 year -1 . The corrected mean apparent heterotrophic and apparent autotrophic respirations were 4.208 and 1.786 Mg C ha -1 year -1 respectively. The apparent autotrophic respiration was 30 % of the soil respiration and comprises the total root-dependent carbon turnover.
Conclusions
The results of our 5-year study show that C-fluxes of the mature mixed forest were not balanced. The carbon sequestration was 1.67 Mg C ha -1 year -1 by aboveground biomass accumulation and net loss of carbon from soil organic matter was 0.94 Mg C ha -1 year -1 by apparent heterotrophic respiration resulting in a net ecosystem production (NEP) of 0.7 Mg C ha -1 year -1 . This value amounts to 1.06 Mg C ha -1 year -1 when the coarse root growth was included. However, the gains and losses took place in different compartments of the ecosystem. The old trees still accumulate carbon (NPP of 2.0 Mg C ha ), whereas the soil is losing carbon from a pool build up in former times. This means that for the assessment of the C-sequestration of forest ecosystems the apparent heterotrophic soil respiration has to be regarded. From the environmental factors controlling these processes temperature and soil moisture are most relevant. As shown, these factors have changed in recent years. Compared with the long-term average, the mean annual air temperature was elevated by 1.5°and the mean annual precipitation was reduced by 72 mm in the period studied. These deviations from the climatic history of the site have to be regarded, when interpreting the carbon sequestration rates of forest ecosystems. Short-term measurements under conditions which differ from the long-term situation may lead to wrong conclusions.
The simulated soil respiration based on temperature and soil water conditions showed good agreement with the measured values. However in the relative warm and wet summer months of 2007 soil respiration was higher than expected. This indicates that during the vegetation period soil water availability limits biotic activities in most of the years. The gap of 0.94 Mg C per hectare and year between annual C input from litter fall and apparent heterotrophic C respiration results from the correction of the measured apparent respiration of the trenched plots, using the calculated water contents of the SVAT model and our empirical respiration model. Without this correction we would have described the ecosystem as nearly balanced with respect to the carbon budget. The storage in the stand accounted for 1.67 Mg C ha -1 year -1 and the loss from the soil for 1.62 Mg C ha -1 year -1 . In ecosystems where the microbial activity is reduced during the vegetation period due to low water contents, the higher water contents in non-rooted trenched plots lead to an overestimation of the apparent heterotrophic respiration. The study also demonstrates that not only leaves and needles have to be regarded as litter input, but also the other compounds, which in our case amount to 40 % of the litter. Based on the assumption that coarse roots have accumulated 0.33 Mg C ha -1 year -1 and the aboveground sink was 1.67 Mg C ha -1 year -1 our results show that this mature mixed forest is still growing and accumulating carbon in the biomass, which even is higher than the weather induced losses from the soil.
